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(57) ABSTRACT

A bandgap reference voltage generating circuit includes a
proportional to absolute temperature (PTAT) voltage gener-
ating means generating a PTAT voltage. A complementary to
absolute temperature (CTAT) voltage generating means gen-
crates a CTAT voltage. A temperature coetlicient determin-
ing means interconnects the PTAT voltage generating means
and the CTAT voltage generating means.
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LOW-VOLTAGE BANDGAP VOLTAGE
REFERENCE CIRCUIT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application No. 60/562,843, filed 16 Apr. 2004.

TECHNICAL FIELD

The present invention relates to bandgap voltage refer-
ence circuits.

BACKGROUND

Bandgap voltage reference circuits generate a reference
voltage that 1s relatively stable over a wide temperature
range by balancing a voltage having a negative temperature
coellicient (TC) and which 1s thus complementary to abso-
lute temperature (CTAT) with a voltage having a positive
temperature coellicient (TC) and which 1s thus proportional
to absolute temperature (PTAT). Typically, the forward-
biased p-n junction of a diode or the forward-biased base-
to-emitter junction of a transistor provides the CTAT volt-
age, and the thermal voltage of a diode or transistor provides
the PTAT voltage. Generally, the two voltages are scaled or
voltage-divided as necessary and summed to produce the
temperature-stable reference voltage.

The above-described concept 1s schematically and graphi-
cally depicted in FIG. 1, wherein 1t 1s shown that the
base-to-emitter voltage V5. of a transistor T, having a
temperature coeflicient (TC) of approximately negative 2
millivolts (mV) per degree Celsius, 1s summed with the
thermal voltage V, of a transistor which 1s scaled by factor
K. The result 1s a reference voltage V... that 1s equal to V ;..
plus the product of a scaling constant K and the thermal
voltage V.. Typically, V..~ 1s from about 1.2 to 1.3 V
depending on the particular technology of the components,
and 1s close to the theoretical bandgap of Silicon at 0 K.

The continued trend toward producing ever smaller and
more portable electronic devices requires that power con-
sumption be reduced in order to increase battery life. In
order to reduce power consumption, the supply, operating,
and reference voltages supplied to and used by the circuitry
within such devices must also be reduced. However, 1t 1s
difficult to further reduce supply and reference voltages
since typical bandgap voltage reference circuits provide a
mimmum reference voltage V..~ of about 1.2 to 1.3 V and
therefore require a supply voltage of at least approximately
1.4 V (one drain-source voltage drop higher than the refer-
ence voltage).

Some bandgap circuits that do provide reference voltages
of less than 1.2V use an approach commonly referred to as
fractional V., wherein a fraction of the CTAT voltage drop
across a base-to-emitter p-n junction 1s derived, typically via
voltage division. A scaled PTAT voltage which 1s derived
from a PTAT current 1s added to the CTAT fractional V5. to
thereby produce a voltage that 1s relatively stable across a
wide temperature range. The bandgap voltage reference
circuits that use the fractional V. approach, however,
require additional voltage-dividing circuitry, such as resis-
tors, that undesirably consume relatively large amounts of
real estate on integrated circuit chips and raise power
consumption.

Therefore, what 1s needed 1n the art 1s a bandgap voltage
reference circuit that produces a reference voltage of less

than 1.2 Volts.
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Furthermore, what 1s needed m the art 1s a bandgap
voltage reference circuit that operates with a reduced mini-
mum supply voltage and thereby consumes less energy.

Moreover, what 1s needed 1n the art 1s a bandgap voltage
reference circuit that provides a reference voltage of less
than 1.2 Volts without the disadvantages of the fractional
V__approach.

SUMMARY OF THE INVENTION

The present invention provides a low-voltage bandgap
reference voltage generating circuit.

The present mvention comprises, 1 one form thereof, a
proportional to absolute temperature (PTAT) voltage gener-
ating means generating a PTAT voltage and a complemen-
tary to absolute temperature (CTAT) voltage generating
means generating a CTAT voltage. A temperature coellicient
determining means interconnects the PTAT voltage gener-
ating means with the CTAT voltage generating means.

An advantage of the present invention 1s that a reference
voltage of less than approximately 1.2 Volts 1s generated
without the disadvantages of the fractional V5. approach.

BRIEF DESCRIPTION OF THE DRAWINGS

The above-mentioned and other features and advantages
of this mvention, and the manner of attaining them, will
become apparent and be more completely understood by
reference to the following description of one embodiment of
the invention when read 1n conjunction with the accompa-
nying drawings, wherein:

FIG. 1 1s a block diagram illustrating the operational
principles of a typical bandgap voltage reference circuit;

FIG. 2 1s a schematic diagram showing one embodiment
of a low-voltage bandgap reference voltage circuit of the
present 1nvention;

FIG. 3 1s a schematic diagram showing a second embodi-
ment of the low-voltage bandgap reference voltage circuit of
the present invention;

FIG. 4 1s a plot of the reference voltages provided by the
circuits of FIGS. 2 and 3 versus temperature;

FIG. 5 1s a plot of the reference voltage provided by the
circuit of FIGS. 2 and 3 versus temperature as a function of
supply voltage; and

FIGS. 6 A—6C are simplified schematic diagrams of low-
voltage bandgap reference voltage circuits equivalent to
those shown 1n FIGS. 2 and 3.

Corresponding reference characters indicate correspond-
ing parts throughout the several views. The exemplifications
set out herein 1illustrate one preferred embodiment of the
invention, 1n one form, and such exemplifications are not to
be construed as limiting the scope of the mvention 1n any
manner.

DESCRIPTION OF THE PREFERREI
EMBODIMENTS

Referring now to the drawings and particularly to FIG. 1,
a block diagram that 1llustrates the operational principles of
a conventional bandgap voltage reference circuit 1s shown.
Transistor T has a base-to-emitter voltage V .. with a typical
temperature coellicient (TC) of approximately negative 2
millivolts (mV) per degree Celsius, shown 1n plot TC,. The
V.. TC produces a V5. voltage that 1s CTAT. Thermal
voltage V., 1s generated by V, generator and 1s scaled by
scaling factor K. Thermal voltage V, has a TC of approxi-
mately +0.085 mV per degree Celsius, which 1s scaled by
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scaling factor K to a TC of approximately +2 mV per degree
Celsius. Scaled thermal voltage KV, 1s PTAT and similar in
magnitude to V.. Thus, when V.. and scaled thermal
voltage KV, are summed by summing circuit X their TC’s
cancel each other and a temperature-stable reference voltage
V.- of approximately 1.2 to 1.3 V results.

In contrast to the operational principles of conventional
bandgap voltage reference circuits, the bandgap voltage
reference circuit of the present ivention, as best shown in
FIG. 6 A and described more particularly heremnaiter, uses an
undivided voltage drop across a forward-biased p-n junction
to generate a CTAT voltage which 1s combined with a PTAT
voltage by a temperature coellicient determining means,
such as one or more resistor. An output voltage which 1s
highly stable across variations in temperature and supply
voltage 1s thus obtained.

Referring now to FIG. 2, a schematic diagram of one
embodiment of a low-voltage bandgap reference voltage
circuit of the present invention 1s shown. Circuit 10 includes
bandgap voltage reference circuit 20 and start-up circuit 30.
Generally, bandgap circuit 20 includes an operational ampli-

fier 42, metal oxide semiconductor transistors (MOSFETSs)
44, 46 and 48, transistors 52 and 54, and resistors 62, 64, 66

and 68. Start-up circuit includes MOSFETs 72, 74, 76 and
78.

More particularly, operational amplifier (op-amp) 42 of
bandgap circuit 20 includes positive and negative input
terminals 82 and 84, respectively, output terminal 86, posi-
tive and negative supply terminals 88 and 90, and started
output 92. Negative mput terminal 84 1s electrically con-
nected to node N1, to which the emitter of transistor 52 and
the drain of MOSFET 44 are connected. Positive input
terminal 82 is electrically connected to node N2, to which
resistors 62 and 64 and the drain of MOSFET 46 are each
connected. Output 86 of op-amp 42 1s electrically connected
to node N3 to which the gates of MOSFETs 44, 46 and 48
are each connected. Positive and negative supply voltage
inputs 88 and 90 of op-amp 42 are connected to nodes N4
and NS, respectively. Started output 92 1s electrically con-
nected to starter circuit 20 and 1s indicative, as will be more
particularly described herematter, op-amp 42 1s normally
biased and operative.

Metal oxide semiconductor transistors (MOSFETs) 44, 46
and 48 are each configured as p-channel MOSFETS. MOS-
FET 44 has 1ts source electrically connected to node N4, 1ts
gate electrically connected to node N3, and 1ts drain elec-
trically connected to node N1, to which the emitter of
transistor 52 and starter circuit 20, as will be more particu-
larly described hereinaiter, are also electrically connected.
MOSFET 46 has its source electrically connected to node
N4, 1ts gate electrically connected to node N3, and its drain
clectrically connected to node N2, to which resistors 62 and
64 and the positive input terminal 82 of op-amp 42 are also
clectrically connected. MOSFET 48 has 1ts source electri-
cally connected to node N4, 1ts gate electrically connected to
node N3, and 1ts drain electrically connected to node N7, to
which resistors 64 and 66 are also electrically connected.
MOSFETs 44, 46 and 48 are each configured, and some-
times referred to hereinafter, as current mirrors.

Transistors 52 and 54 are configured as PNP transistors,
cach with their respective bases and collectors electrically
tied or connected to node N5, which 1n turn 1s electrically
connected to ground potential. Thus, transistors 52 and 54
are connected and function as diodes. Transistors 52 and 54
have eflective emitter areas of a predetermined ratio and/or
are operated with current densities of a predetermined ratio,
such as, for example, a current density ratio of one to eight
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4

(current in transistor 52 relative to current in transistor 54).
The collector of transistor 52 1s electrically connected to
node N1, to which the negative input terminal 84 of op-amp
42 1s also electrically connected. The collector of transistor
54 1s electrically connected to node N8, to which resistor 62
1s also electrically connected.

Resistor 62 1s electrically connected between nodes N2
and N8, resistor 64 is electrically connected between nodes
N2 and N7, resistor 66 1s electrically connected between
nodes N7 and N5, and resistor 68 1s electrically connected
between nodes N1 and N7.

As discussed above, node N4 1s electrically connected to
supply voltage V 5, and node N5 1s electrically connected
to ground potential.

In use, the operation of bandgap voltage reference circuit
20 1s mtialized by start-up circuit 30, which 1s more
particularly described heremafter. Once 1mtialized, MOS-
FETs 44 and 46, which are configured as current mirrors,
enter into conduction and provide substantially equal tlows
of current I, and I, through each of the current-density-
ratioed transistors 52 and 54, respectively. The substantially
equal flows of current I, and I, through current-density-
ratioed transistors 52 and 54 develop respective base-to-
emitter voltages across each of the diode-connected transis-
tors.

Due to the different current densities flowing through
transistors 52 and 54, the base-to-emitter voltage V 5. devel-
oped across transistor 52 will be less than the V ;. developed
across transistor 54. A voltage that 1s equal to the difference
between the base-to-emitter voltage across transistor 52 and
the base-to-emitter voltage across transistor 54 appears
across resistor 62, since the large closed-loop gain of op-
amp 42 maintains 1ts input terminals 82 and 84 at substan-
tially equal voltages. Since the base-to-emitter voltages vary
in a complementary manner with temperature, a PTAT
current 1,,,~ that 1s proportional to absolute temperature
flows through resistor 62.

Thus, op amp 42, diode-connected transistors 52 and 54
and resistor 62 form a PTAT current generating means
generally designated 100 and enclosed 1n dashed lines 1n
FIG. 2.

PTAT current 1., 1s applied by current-mirroring MOS-
FET 48 to resistor 66 and a voltage 1s developed across
resistor 66 which 1s mirrored from the difference in the
base-to-emitter voltages across the diode-connected transis-
tors 52 and 54. Thus, current-mirroring MOSFET 48 and
resistor 66, when coupled to PTAT current generating means
100, form a PTAT voltage generating means generally
designated 110 and also enclosed in dashed lines in FIG. 2.

As shown 1n FIG. 4, the base-to-emitter voltage of diode-
connected transistor 54 1s represented by curve V.., and
the voltage developed by the flow of the mirrored PTAT
current through resistor 66 (1n the absence of resistors 64 and
68) 1s represented by curve V...

Retferring to FIG. 6, the PTAT voltage generating means
110 of FIG. 2 1s equivalent to a voltage generator V..., -
having an internal resistance R, equal to the value of
resistor 66 and generating an output voltage that 1s PTAT and
equal to the product of 1., and the value of R, It may
also be said that the PTAT current generating means 100 of
FIG. 2 1s equivalent to a CTAT voltage source V ....,-having
a source resistance ol zero ohms, 1.e., the ideal mnput
resistance of op-amp 42.

The equivalent parallel resistance value of parallel resis-
tors 64 and 68, which are connected between nodes N1 and
N7 and between nodes N2 and N7, respectively, determines
the net temperature coethicient at node N7, which 1s the
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junction of the above-described voltage generator V .-, -and
V .r,-shown in FIGS. 6 A—6C, and 1s represented by resistor
R ~. Thus, a temperature coeflicient with a desired value,
such as, for example, zero or virtually any other desired
value, 1s obtained through selection of the values of resistors
64 and 68. Resistors 64 and 68, interconnected as described
hereinabove, thereby conjunctively form a temperature coet-
ficient determining means (not referenced).

It should be noted that, in contrast to the bandgap circuits
that use the partial V5. approach, bandgap circuit 20 uses
the full base-to-emitter voltage drop across transistor 34,
generates a comparable magnitude PTAT voltage, which 1s,
by equivalency behind resistor 66, and determines the
desired TC point (typically zero) between those two quan-
tities by adjusting the values of a resistive voltage divider
formed by resistor 66 and the parallel combination of
resistors 64 and 68. It should also be particularly noted that
resistors 64 and 68 share node N7 and are functionally in
parallel. In practical implementations, and as shown 1n FIG.
6C, resistors 64 and 68 can be replaced by smaller-value
resistor 64' and 68' and a third resistor R ., ,» 1n series with
the parallel combination of resistors 64' and 68' and node N7
such that the total resistance from N1 and N2, seen 1n
parallel, to N7 remains the unchanged.

As shown 1n FIG. 5, the output voltage V ., of bandgap
circuit 20 1s highly stable across variations in temperature
and 1n supply voltage. More particularly, for a supply
voltage V,, ol approximately 1.0 Volts, output voltage
V ___varies a maximum of less than approximately 1.1 mV
across an operating temperature range of approximately —55
to 125 Celsius. This relatively small vanation improves, 1.€.,
decreases, to a variation of less than approximately 0.3 mV
as V,, increases from 1 to 1.25 and then to 1.5 Volts, as
shown 1n FIG. 5.

Referring now to FIG. 3, a second embodiment of a
bandgap voltage reference circuit of the present invention 1s
shown. Bandgap voltage reference circuit 200, like bandgap
circuit 20, includes start-up circuit 30. As 1s described more
particularly hereainfter, bandgap voltage reference circuit
200 1ncludes a current feedback loop 240, difierential ampli-
fler means 250, and active load 260, but 1s otherwise
generally similar to bandgap circuit 20.

Current feedback loop 240 includes MOSFETS 302, 304
and 306. MOSFET 302 has its gate electrically connected to
node N3, 1ts source electrically connected to node N9 and its
drain electrically connected to node N4. MOSFET 304 has
its gate electrically connected to node N9, its source elec-
trically connected to node N5 and 1ts drain also electrically
connected to node N9 and, thus, to the source of MOSFET
302. MOSFET 306 has 1ts gate electrically connected to
node N8, and thus to the source of MOSFET 302 and the
drain of MOSFET 304, its source electrically connected to
node N5 and 1ts drain electrically connected to node N10.
Current teedback loop 240 stabilizes or regulates the derived
current in MOSFET 306 at a value twice the total current 1n
MOSFET 322 and thereby causes there to be no offset across
the gates of the differential pair composed of MOSFET 310
and 312 when they are providing equal currents to MOSFET
322 and mirror MOSFET 320 at equilibrium. 1., 1s
thereby rendered strongly independent of supply voltage, as
described above in regard to bandgap circuit 20.

Differential amplifier means 250 includes MOSFETS 310
and 312 electrically interconnected between node N9 and
active load 260. More particularly, MOSFET 310 has 1ts gate
clectrically connected to node N1, its source electrically
connected to node N10 and its drain electrically connected
to node N3. MOSFFET 312 has its gate electrically connected
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to node N2, 1ts source electrically connected to node N10
and 1ts drain electrically connected to the drain of MOSFET
320 of active load 260. MOSFET 306 provides the tail
current required for the operation of differential amplifier
means 250.

Active load 260 includes MOSFETS 320 and 322. MOS-
FET 320 has 1ts gate electrically connected to the gate and
drain of MOSFET 322, 1ts drain electrically connected to
node N4 and its source electrically connected to node N3.
MOSFET 322 has 1ts gate electrically connected 1ts drain,
and to the gate of MOSFET 320 as just described, and 1ts
source electrically connected to node N4.

MOSFETS 310 and 312 of differential amplifier means
250 form an operational amplifier (shown generally as

operational amplifier 42 1n FIG. 2) operating at a tail current
provided by MOSFET 306 of current feedback loop 240 and

driving active load 260. MOSFETS 320 and 322 of active
load 260, 1n turn, cause the current in MOSFETS 44 and 46
to maintain equal voltages across diode-connected transistor
52 and the combination of resistor 62 and diode-connected
transistor 34 at nominal conditions, and thereby establish the
PTAT current 1,,,,-1n resistor 62.

The differential 1impedance across differential amplifier
means 250 1s the sum of the dynamic resistances of the
diode-connected transistors 52 and 54 and resistor 62. Since
the dynamic resistances of the diode-connected transistors
52 and 54 are approximately equal at any current, the
differential amplifier means 2350 1s highly sensitive only to
voltage changes across resistor 62 due to current change.
Conversely, equal currents applied to the gates of MOS-
FETS 310 and 312 of diflerential amplifier means 230 are
resisted by the full gain of the differential amplifier means
250, which acts to restore equilibrium and balance the
voltages across diode-connected transistor 52 and the com-
bination of resistor 62 and diode-connected transistor 54.
This corrective action or gain 1s not significantly reduced so
long as the source resistances of the disturbance currents are
relatively large compared to the relatively small dynamic
resistances of transistors 52 and 54 and resistor 62, and the
disturbance currents are scaled in the same ratio as the
currents of MOSFET mirrors 44 and 46. Accordmglyj no
significant change 1n the PTAT current 1., 1n resistor 62
occurs under such conditions. Resistors 64 and 68 act in
parallel as a third resistor tied to the gates of MOSFETS 310
and 312 of diflerential amplifier means 250.

Referring again to FIG. 3, start-up circuit 30 includes
MOSFETs 72, 74, 76 and 78. MOSFET 72 has its gate

clectrically connected to node N3, its source electrically
connected to the drain of MOSFET 74, and its drain elec-
trically connected to node N4. MOSFET 74 has 1ts gate
clectrically connected to node N1, 1ts source electrically
connected to the drain of MOSFET 78, and its drain elec-
trically connected to the source of MOSFET 72. MOSFET
76 has its gate electrically connected to the drain of MOS-
FET 78 and to the source of MOSFET 74, its source
clectrically connected to node N5, and its dram clectrically
connected to node N3. MOSFET 78 has its gate electrically
connected to node N9, its drain electrically connected to the
gate of MOSFET 76 and the source of MOSFET 74, and 1ts
source electrically connected to node NS. As previously
noted, node N4 1s electrically connected to supply voltage

V __and node N3 1s electrically connected to ground poten-
tial.

In use, and 1n the absence of conduction in MOSFETS 44,
46 and 48, start-up circuit 30 mitiates start-up of bandgap
circuit 200 by initiating conduction in MOSFETS 72 and 74,
which causes the gate of MOSFET 76 to rise toward one
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N-channel threshold voltage below the value of V,, due to
MOSFET 72 being a diode-connected MOSFET with V

applied to the drain and gate thereof when capacitor 324 has
zero volts across 1ts terminals and MOSFET 74 being biased
into conduction by 1ts gate being instantaneously coupled to
ground potential with no conduction occurring 1n transistor
52. MOSFET 76 1s therefore caused to conduct, which in
turn quickly lowers the potential of the gates of P-channel
current-mirroring MOSFETS 44, 46 and 48 downward from
V5 toward ground potential as quickly as capacitor 324
permits. When MOSFETS 44, 46 and 48 enter 1into conduc-
tion, a forward-biasing gate voltage 1s applied to MOSFET
78 causing 1t to enter into conduction and short the gate of
MOSFET 76 to node N5, 1.e., ground potential, and thereby
remove the start-up current and shutting down start-up
circuit 30.

It should be noted that MOSFETS 72 and 74, which
provide voltage to the gate of MOSFET 76, are connected
such that their gates are connected to nodes N3 and NI,
respectively, and thus have a reduced gate-to-source voltage
after startup. The reduced gate-to-source voltage after star-
tup, 1n turn, reduces the power consumption of start-up
circuit 30 during normal operation of band-gap circuit 20.
More particularly, the gate of MOSFET 74 rises from
ground potential to the forward-biased voltage of a silicon
diode, while the gate of MOSFET 72 falls from supply
voltage V ,,,, to the gate-to-source voltage of the P-channel
mirrors below V 5. Since the sources of MOSFETS 72 and
74 are connected 1n series, the total gate-to-source voltage
across the devices 1s appreciably reduced and, thereby, the
current flowing through the devices 1s also reduced.

It should also be noted that the gate of transistor 74 can
alternately be connected to the gate of transistor 312 rather
than the gate of transistor 310, or the gate of transistor 304,
depending on application requirements and/or preferences.

Capacitor 324 (FIG. 3) 1s an optional compensation
capacitor for op-amp 42. It should be noted that the con-
figuration shown 1n FIG. 3 1s useful where capacitor 324 1s
formed from the gate of a FET, since the gate-to-source
voltage of MOSFETS 44, 46 and 48 appears across the
capacitor and a biased condition often produces a larger and
more predictable value 1n such capacitors. In the case where
capacitor 324 1s configured as a type that functions
adequately with zero nominal voltage across its terminals,
such as, for example, a metal-insulator-metal type capacitor,
then 1t may be advantageous to connect the capacitor as a

Miller capacitor with one end on the gate and the other end
on the drain of MOSFET 320.

In the embodiment shown, transistors 52 and 54 are
disclosed as having eflective emitter areas of a predeter-
mined ratio and/or operate with current densities of a
predetermined ratio, such as, for example, an eflective
emitter area ratio of one to eight. It 1s to be understood,
however, that the present mnvention can be alternately con-
figured with other ratios of eflective emitter arecas and/or
current densities of transistor 52 relative to transistor 54,
such as, for example, one to ten or other suitable ratios.
Similarly, in the embodiment shown transistors 52 and 54
are provided with substantially equal flows of current 11 and
I2 from current mirrors MOSFET 44 and 46. It 1s to be
understood, however, that the present mvention can be
alternately configured with other ratios of current 11 and 12,
such as, for example, eight to one or other suitable ratios,
such that the current density ratio of transistor 52 relative to
transistor 54 1s as desired when they are equal 1n size, or
some other combination of current ratio and transistor size
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ratio such that the desired current density ratio between
transistors 52 and 54 1s attained.

While the present invention has been described as having,
a preferred design, the mmvention can be further modified
within the spirit and scope of this disclosure. This disclosure
1s therefore intended to encompass any equivalents to the
structures and elements disclosed herein. Further, this dis-
closure 1s intended to encompass any variations, uses, or
adaptations of the present mvention that use the general
principles disclosed herein. Moreover, this disclosure 1s
intended to encompass any departures from the subject
matter disclosed that come within the known or customary
practice 1n the pertinent art and which fall within the limaits
of the appended claims.

What 15 claimed 1s:

1. A bandgap reference voltage generating circuit, com-

prising;:

a proportional to absolute temperature (PTAT) voltage
generating means generating a PTAT voltage;

a complementary to absolute temperature (CTAT) voltage
generating means generating a CTAT voltage;

a temperature coeflicient determining means intercon-
necting said PTAT voltage generating means and said
CTAT voltage generating means;

wherein said CTAT voltage generating means comprises:

an op-amp configured for being powered by a supply
voltage, said op-amp having inverting and nonin-
verting op-amp 1nputs and an op-amp output;

a first C'TAT voltage generating means generating a first
CTAT voltage at said inverting op-amp input; and

a second CTAT voltage generating means generating a
second CTAT voltage at said noninverting op-amp
input, said first and second CTAT voltages resulting,
from currents of a predetermined ratio 1n said first
and second CTAT voltage generating means; and

wherein said temperature coeflicient determining means

COMpPrises:

a first resistor electrically interconnecting said {first
CTAT voltage generating means and an intermediate
node;

a second resistor electrically interconnecting said sec-
ond CTAT voltage generating means and said inter-
mediate node; and

a third resistor interconnecting said intermediate node
and said PTAT voltage source.

2. A bandgap reference voltage generating circuit, com-
prising:

an op-amp configured for being powered by a supply
voltage, said op-amp having inverting and noninverting
op-amp inputs and an op-amp output;

a first device having at least one p-n junction electrically
connected between said imverting mput and ground
potential;

a first resistor and a second device having at least one
second p-n junction electrically connected between
said noninverting input and ground potential, said at
least one second p-n junction of said second device
having a cumulative current density flowing there-
through that 1s a predetermined ratio smaller than a
cumulative current density flowing through said at least
one {irst p-n junction;

a PTAT voltage generating means including a current
mirroring device electrically connected to said op-amp
output and mirroring a PTAT current received there-
from, a second resistor electrically connected to said
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current mirroring device, said PTAT current flowing a second TC determining resistor electrically intercon-
through said second resistor and developing a PTAT necting said second input of said differential amplifier
voltage; to said node.

a first temperature-coetlicient (TC) determiming resistor

‘ _ , e N , 4. The bandgap reference voltage generating circuit of
clectrically interconnecting said mverting input of said 5

o 5 » S claim 3, further comprising a current feedback loop includ-
Op-amp 10 a node intermediate said current mirroring ing third, fourth and fifth current feedback MOSFETS

device and said second resistor connected thereto; and . . _ .
. . . . substantially reducing any voltage offset across the inputs
a second TC determining resistor electrically intercon- . . iy -
the differential amplifier at equilibrium.

necting said noninverting input of said op-amp to said

node. 10 5. The bandgap reference voltage generating circuit of

3. A bandgap reference voltage generating circuit, com- claim 3, turther comprising a start-up circuit, said start-up
prising: circuit including;

a first and second MOSFFET configured as a differential first, second and fourth start-up MOSFETs configured for

amplifier having first and second inputs; being electrically interconnected between a supply

a first device having at least one p-n junction electrically 15 voltage and ground potential, said first start-up MOS-

connected between said first input of said differential

_ ‘ FET configured for having its drain electrically con-
amplifier and ground potential;

nected to said supply voltage, i1ts gate electrically

. ﬁrst resistor and. a second device having at lea‘st One p-il connected to the drain of said first MOSFET of said
junction electrically connected between said second N . : . .
differential amplifier, and 1ts source electrically con-

input of said differential amplifier and ground potential, 20 nected to a drain of said second start-up MOSFET, a

flaeﬂcaet lllezaisiilon: iiﬁglda ,[Ii:g 21111;(.:;3[11 diflssi?;d ﬂSE;?Ed gate of said second start-up MOSFET electrically con-
> S nected to said gate of said first MOSFET of said

there through that 1s a predetermined ratio smaller than , , _ _
; b differential amplifier, and a source of said second

lati t density flowing thr 1d at _ . .
a cumulative current density flowing through said a start-up MOSFET electrically connected to a drain of

least one first p-n junction; 25 _ K _
a PTAT voltage generating means electrically intercon- said fourth start-up MOSFET, a gate of said fourth

nected with a drain of said first MOSFET of said start-up MOSFET being electrically connected to said
current feedback loop, a source of said fourth start-up

MOSFET being clectrically connected to ground
potential; and

differential pair, said PTAT voltage generating means
including a current mirroring device mirroring a PTAT

current flowing through said second device, a second 30

resistor electrically connected to said current mirroring a third start-up MOSFET having its gate electrically

device, said PTAT current flowing through said second connected to the drain of said fourth start-up MOSFE'T

resistor and developing a PTAT voltage; and the source of said second start-up MOSFET, its
a first temperature-coeflicient (TC) determining resistor source electrically connected to ground potential, and

electrically interconnecting said second input of said 33 its drain electrically connected to the drain of said first

differential amplifier to a node intermediate said current MOSFET of said differential amplifier.

mirroring device and said second resistor connected
thereto; and ¥k ok k%
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